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M ating success and fecundity result from proper coordination of the development and expression of various sexual traits, including reproductive organs, mating behaviors, and secondary sex characters (SSCs). It is well established that sex steroid hormones exert considerable influence on the formation of these sexual traits in both mammals and fish (1) (2) (3) (4) (5) (6) (7) (8) . Recently, zebrafish have emerged as a well-developed model for the reproductive research of the steroidogenic pathway (see below), as zebrafish possess several advantages, including the ease of fertility evaluation and gonadal dissection, observability of germ cells in vivo, and, in particular, the successfully adopted knockout strategy (7, (9) (10) (11) (12) (13) ). In the current study, sexual traits were deeply characterized from the cytochrome P450 (cyp) 17A1 (cyp17a1)-deficient zebrafish, a model that has defective synthesis of androgens (6) .
Estrogen is important in maintaining ovarian differentiation and feminization, as treatment of juvenile fish with estradiol results in a significant change in the sex ratio toward the female, whereas the treatment of aromatase inhibitors induces sex reversal from females to phenotypic males in fish (14) (15) (16) (17) . In zebrafish, aromatase (encoded by cyp19a1a and cyp19a1b that are mainly expressed in the gonads and brain, respectively) is required for estrogen synthesis as it catalyzes the final ratelimiting step in the conversion of testosterone to estradiol (13, (18) (19) (20) . The cyp19a1a is considered a pivotal effector of ovarian differentiation, as the expression of cyp19a1a is sexually dimorphic in adults, with higher expression in the ovary (21, 22) . In previous studies, the cyp19a1a-deficient zebrafish generated with transcription activatorlike effector nuclease or clustered regularly interspaced short palindromic repeats/CRISPRassociated system (CRISPR/Cas9) in three different groups exhibited an all-male phenotype (12, 13, 23) . However, cyp19a1b deficiency did not influence sex ratio or ovarian differentiation. These results demonstrate that gonad-specific cyp19a1a, but not brain-specific cyp19a1b, is essential for ovarian development in zebrafish (13) . Based on the literature, the cyp19a1b-deficient fish did not show obvious phenotypes in sexual differentiation (13) . Therefore, the function of Cyp19a1b cannot be reviewed using the available cyp19a1b-deficient zebrafish currently, as further studies are required for the functional investigation. The double knockout (dko) of estrogen receptors, esr2a and esr2b, in zebrafish showed arrested folliculogenesis at previtellogenic stage II followed by sex reversal from female to male, suggesting that estrogen receptors are important in maintaining female status (24) . These results suggest that impaired estrogen signaling causes the sex reversal from female to male. Conversely, it has been reported that the majority of the androgen receptor (ar)-deficient zebrafish developed as females, whereas the minority developed into males with structurally disorganized testes (7, 25) . Collectively, these previous studies suggest that adequate estrogen and androgen signaling are critical for ovarian and testicular differentiation, respectively (7, 12, 13, 23, 25) . Although an all-male phenotype of the cyp17a1-deficient zebrafish has been briefly reported recently by our group (6) , an understanding of the detailed mechanisms behind gonadal differentiation and testicular development, male-typical mating behaviors, and SSCs of the cyp17a1-deficient zebrafish is still required for this model, which is influenced by inadequate androgen production.
Medaka is a well-known freshwater model fish with an XX/XY genetic sex determination system (26) . Previously, the loss of SSCs in both males (XY) and females (XX) was demonstrated in a natural scl medaka mutant strain containing a loss-of-function mutation in the cyp17a1 gene (27) . These results support the fact that the sex steroids are not indispensable for SSCs and mating behaviors in both sexes, although the exact concentrations of the typical sex steroids were not measured in scl mutants in the study (27) . In the medaka genetic sex determination model, both scl adult mutant males (XY) and females (XX) have been observed (27) . Unlike medaka, zebrafish are undifferentiated gonochorous fish with "ovarylike gonads" originating in all individuals. No sex-determining region has been identified in the laboratory strains of zebrafish (28, 29) . The mechanisms for gonadal differentiation in zebrafish and medaka are quite different; therefore, differences in the sex determination of medaka and zebrafish with inadequate testosterone would probably have differing consequences for the development of sexual traits in these two models. Although androgens are considered a "male" hormone, normal testicular development and compromised SSCs in the cyp17a1-deficient zebrafish and male scl medaka have been demonstrated (6, 27) , suggesting that adequate androgens are important for the development of proper SSCs and mating behaviors, whereas testicular development and spermatogenesis are relatively insusceptible to the decreased concentrations of androgens in males. Because the previously held opinions regarding the roles of androgens in mammalian gonad development appear to be challenged in fish studies, the underlying mechanism contributing to the maintenance of testicular development in the cyp17a1-deficient zebrafish needs to be elucidated.
In the current study, sexual trait development in cyp17a1-deficient zebrafish was characterized. Only males with compromised SSCs were observed in the cyp17a1-deficient fish. This suggests that spermatogenesis and testicular development were not as susceptible to the decreased concentrations of androgens compared with the formation of male-typical SSCs in zebrafish. Combined with increased apoptosis, failure of ovarian differentiation, and effective restoration with estradiol treatment, the results demonstrated that adequate estrogen concentration is essential for ovarian differentiation in vivo. Finally, we found that the pituitary FSH subunit b (fshb), which is constitutively upregulated in the cyp17a1-deficient fish from 3 to 6 months postfertilization (mpf), was responsible for the hypertrophic testis and enhanced spermatogenesis, providing new insight into the positive correlation of fshb expression with male testicular development and spermatogenesis after sexual maturity.
Materials and Methods

Animals
AB strain zebrafish were reared and used in the current study for the cyp17a1 knockout. The zebrafish were maintained as previously described (30) . The cyp17a1 heterozygous males and females in the F 4 population were incrossed to generate an F 5 population that contained cyp17a1 homozygotes. Fish genotypes from the F 5 population were identified as previously described (6) . All fish experiments were conducted in accordance with the Guiding Principles for the Care and Use of Laboratory Animals and were approved by the Institute of Hydrobiology, Chinese Academy of Sciences (approval ID no. IHB 2013724).
Plasma sex steroid hormones analysis
The concentrations of plasma estradiol, progesterone, and cortisol in fish at 3 mpf were examined using commercial ELISA kits (582251, 582601, and 500360, Cayman Chemical Company, Ann Arbor, MI). The concentration of testis 17a,20b-dihydroxy-4-pregnen-3-one (DHP) in fish at 3 mpf were examined using commercial ELISA kits (498500, 498502 and 498504, Cayman Chemical Company). They were measured as previously described (7, 31) . There were three independent replicates each for the control females, control males, and cyp17a1-deficient fish.
Mating behavior assessment
The mating behavior assessment was performed via observation of the behaviors of the male fish and wild-type (WT) females in a spawning tank under standard aquarium conditions. Briefly, we set up female and male fish at 3 mpf in the late afternoon with an insert at the bottom and a divider in the middle of the breeding tank, and removed the divider the next morning. The mating behaviors and ability to induce egg laying from the females by the males were recorded for assessment using a ZebraBox system (ViewPoint Life Sciences, Montreal, QC, Canada).
Sperm quality assessment
A drop of semen was placed on a glass slide and activated with distilled water, and sperm motility was recorded and analyzed using a computer-assisted sperm analysis device (Leica DM2500, Leica Biosystems, Wetzlar, Germany; JVC TK-U890EG, Yokohama, Japan; FSQAS-2000, Wuhan, China). Sperm motility parameters examined included ratio of survived sperm, normal sperm and A-grade sperm, and sperm movement speed (32) . The sperm motility was divided into four levels as follows: (A) rapid forward movement; (B) slow or sluggish forward movement; (C) nonforward movement; and (D) immobile. Among these levels, grade A vitality .25% or grade A plus grade B vitality .50% was considered normal (referring to human World Health Organization standards).
Artificial fecundation
The eggs from WT females and the sperm from cyp17a1-deficient males were obtained using abdominal pressure. The eggs and sperm were mixed in a Petri dish, and water was added to achieve insemination (33) . The fertilized embryos were moved to an incubator at 28.5°C for further development.
RNA extraction and quantitative real-time PCR
Total RNA was isolated from the pituitaries or testes of zebrafish by extraction with TRIzol reagent (Ambion, Austin, TX). A total of 5 mg of RNA template was used for reverse transcription and cDNA synthesis using a first-strand cDNA synthesis kit (Fermentas, Waltham, MA). The quantitative realtime PCR (qPCR) primers for LH subunit b (lhb), fshb, glycoprotein hormones a polypeptide a (cga) (34) , insulin-like 3 (insl3), and IGF-3 (igf3) are listed in Table 1 . Each 20-mL amplification reaction contained 10 mL of SYBR Green realtime PCR master mix plus (Toyobo, Osaka, Japan), 0.5 mM each forward and reverse primers, and 2 mL of cDNA template. The qPCR was performed on a Bio-Rad real-time system (BioRad Systems, Berkeley, CA). All mRNA levels were calculated as the fold expression relative to the housekeeping gene b-actin.
Hematoxylin and eosin staining
The dissected gonads were freshly fixed in 4% paraformaldehyde in PBS at room temperature overnight followed by dehydration and infiltration. The staining procedure was performed as described in a previous study (12) . Briefly, the samples were embedded and processed for paraffin sectioning using a Leica RM2235 microtome (Leica Biosystems). Paraffin sections of 5 mm in size were mounted on slides, deparaffinized, rehydrated, and washed with deionized water. The sections were stained with hematoxylin and eosin (H&E), dehydrated, mounted, and viewed under a Nikon Eclipse Ni-U microscope (Nikon, Tokyo, Japan). The scale bars are provided in the lower right corner of each image.
TUNEL staining
TUNEL staining was performed with an in situ cell death detection kit (POD, Roche, Basel, Switzerland) according to the manufacturer's instructions. Fish gonads at 30 days postfertilization (dpf) were used for the TUNEL staining.
Testosterone or estradiol treatment
The F 5 population was treated with testosterone (10 mg/L, Sigma-Aldrich, St. Louis, MO) or estradiol (0.1 mg/L, SigmaAldrich) from 18 to 90 dpf. Briefly, 50 juvenile zebrafish at 18 dpf from all three genotypes (cyp17a1 +/+ , cyp17a1 +/2 , and cyp17a1 2/2 ) were placed in a 3.5-L tank containing testosterone or estradiol. Samples for genotyping were obtained using a tail fin cut, and the gonadal development was assessed by H&E staining at 35 dpf and anatomical examination at 90 dpf. 
Western blot analysis
Total pituitary and serum proteins were extracted as previously described (7, 35) . Equal amounts of protein were loaded onto a SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane. The polyvinylidene difluoride membranes were blocked with 5% milk in Tris-buffered saline with 0.05% Tween 20 and then incubated with rabbit anti-LHb [RRID: AB_2651067 (36)] and anti-FSHb antibodies [RRID: AB_2651068 (37)]. The antibodies were used at 1:4000 dilution and 1:2000 dilution, respectively (7). Horseradish peroxidase-conjugated secondary antibodies were used to generate a chemiluminescent signal that was detected with a CCD camera-based imager (Chemidoc MP imaging system; Bio-Rad Laboratories, Hercules, CA). The mouse anti-b-actin antibody (AC-15, Santa Cruz Biotechnology, Santa Cruz, TX) [RRID: AB_1119529 (38)] served as a control. The western blot for each antibody was independently repeated three times.
Establishment of fshb knockout line
The fshb knockout line of zebrafish with a 10-bp insertion was generated via CRISPR/Cas9 technology. Guide RNA (gRNA), generated against the fshb target sequence in the first exon, was designed using an online tool software (http://zifit. partners.org/ZiFiT) (39) . gRNA was synthesized from the PCR products of the pMD19T-gRNA plasmid using the primers containing the target sequence and nominated sequence for the plasmid. PCR products were used for gRNA synthesis directly using the TranscriptAid T7 high-yield transcription kit following the manufacturer's instructions (K0441; Thermo Fisher Scientific, Waltham, MA). Cas9 mRNA was synthesized from the pXT7-Cas9 plasmid using the T3 mMESSAGE mMA-CHINE mRNA transcription synthesis kit (AM1344; Thermo Fisher Scientific) and purified using the RNeasy mini kit (74106; Qiagen, Hilden, Germany). The Cas9 mRNA and gRNA for fshb were combined for injection immediately before use (11) .
Statistical analysis
Detailed information regarding the number of zebrafish used per experiment is provided in each individual experiment and the corresponding figure. All analyses were performed with the GraphPad Prism 5.0 software program, and the differences were assessed using the Student t test. The results were expressed as the mean 6 SD. For all statistical comparisons, a P value ,0.05 was used to indicate a statistically significant difference.
Results
The cyp17a1 deficiency leads to all-male fish with unaffected fertility
The cyp17a1-deficient zebrafish were established as previously described (6) . Based on our anatomical analysis, we found that all of the cyp17a1-deficient fish examined were males (n = 30), whereas both males and females at similar proportions were observed in the control fish (cyp17a1 +/+ fish) and heterozygous fish (cyp17a1 +/2 fish) (Fig. 1A-1J ). Anatomical examination demonstrated that the mature testes and ovaries could be observed in the control fish at 90 dpf (Fig. 1A, 1B, 1D , and 1E), whereas only males with testes were observed in the cyp17a1-deficient fish (n = 30) (Fig. 1G, 1H , and 1J). We also examined the dissected gonads by histological sections with H&E staining. Well-differentiated testes and ovaries were observed in the control groups, whereas only well-differentiated testes were observed in the cyp17a1-deficient fish (Fig. 1C, 1F, and 1I) . Moreover, compared with that in the control males at 3 mpf, spermatogenesis was unaffected in the cyp17a1-deficient fish, as evidenced by the unchanged gonadosomatic index (GSI) (GSI = gonad weight/total body weight, in percentage) (n = 5 for each genotype) (Fig. 1K) , artificial fecundation (n = 3 for each genotype) (Fig. 1L) , and sperm quality assessment (n = 3 for each genotype) ( Fig. 1M-1P ). These results suggest that although only males were observed, their fertility was not evidently impaired in the cyp17a1-deficient fish.
Previously, it has been demonstrated that the concentrations of plasma testosterone and 11-ketotestosterone in the cyp17a1-deficient fish were significantly lower than those in the control males. Moreover, the treatment of cyp17a1-deficient fish with dihydrotestosterone effectively restored the formation of breeding tubercles (BTs) (6) . These results indicate that androgen synthesis is significantly impaired in the cyp17a1-deficient fish. In the current study, the concentrations of other important steroids were measured in the control males and cyp17a1-deficient fish. The concentration of plasma estradiol was significantly lower in the cyp17a1-deficient fish than that in both the control females and males (Fig. 1Q) . The concentrations of plasma progesterone and testis DHP in the cyp17a1-deficient fish were significantly elevated ( Fig. 1R and 1S ). The concentration of plasma cortisol in the cyp17a1-deficient fish was slightly increased, although this was not statistically significant (Fig. 1T) . Collectively, these data indicated that the steroidogenic pathway was effectively disrupted in the cyp17a1-deficient fish and the estrogen biosynthesis was blocked, which resulted from the defective biosynthesis of testosterone.
Adequate androgen signaling is required for male-typical SSCs and mating behaviors
It has been reported that adult female zebrafish have an egg-filled abdomen and light yellow coloration of the anal fin, whereas male zebrafish are more slender with dark yellow coloration of the anal fin (40, 41) . The gross appearance of the control females, control males, and cyp17a1-deficient fish was examined (n = 6 for each genotype). Although both the control males and the cyp17a1-deficient fish showed a slender abdomen shape, the cyp17a1-deficient fish showed dark black body pigmentation and light yellow anal fin coloration, which were similar to the control females ( Fig. 2A-2C ). In conjunction with our previous study of the effects of androgens on BTs (6), as well as the SSCs study in scl medaka (27) , we concluded that the development of male-typical SSCs, including body pigmentation, anal fin coloration, and BTs, is susceptible to androgen insufficiency in male fish.
We also examined the mating behaviors of control males (n = 15) and the cyp17a1-deficient fish (n = 15) when mating with WT females. The cyp17a1-deficient fish exhibited significantly decreased frequency and duration of intimate contacts (,2 cm) with WT females (Fig. 2D and 2E) . We found that when mating with WT females, control males demonstrated male-typical chasing activity (parallel swimming and grasping) and ability to induce female spawning (100.0%, n = 15), which were not observed in the cyp17a1-deficient fish (Fig. 2F-2I ). These results indicate that cyp17a1 deficiency resulted in the loss of male-typical mating behaviors, which led to the failed spawning of females.
Estrogen is required for the maintenance of ovarian differentiation
To address the main stage of the failure of ovarian differentiation in the cyp17a1-deficient fish, gonadal differentiation at different stages was examined. We analyzed the fish by histological sections in the early https://academic.oup.com/endopuberty stages (55 dpf) and juvenile stage (32 dpf). Similar to the observations in fish at 90 dpf (Fig. 1A-1I ), only testes were observed in the cyp17a1-deficient fish at 55 dpf (Fig. 3A-3C ). At 32 dpf, the ovary and testis became differentiable in the control fish ( Fig. 3D-3F ).
Although the ovary-to-testis transformation could be observed in both the control fish and the cyp17a1-deficient fish ( Fig. 3E and 3H ), no oocytes were visualized in the cyp17a1-deficient fish ( Fig. 3D and 3G ). Based on examinations of the gross appearance, we found that the fish with the ovary-to-testis transforming gonads at 32 dpf were indistinguishable from the fish with the testis, perhaps because the SSCs had not been evidently formed at 32 dpf (data not shown). The TUNEL assay revealed that the cyp17a1-deficient fish testis showed higher apoptosis than that of the control siblings ( Fig. 3J-3L ). Collectively, aberrant apoptosis at the juvenile ovary stage might contribute to failed ovarian differentiation in individuals with deficiency in androgen biosynthesis.
To examine the key sex steroids required for ovarian differentiation, treatment of cyp17a1-deficient fish in the F 5 population with either testosterone or estradiol was performed. In previous studies using aromataseknockout fish, estradiol treatment was initiated from 15 dpf, which is the stage when gonads contain primordial germ cells (PGCs) (12, 13 ). In the current study, the treatment with testosterone or estradiol was performed from 18 dpf, which is the critical stage of sexual differentiation when the ovarylike gonads are initiated in zebrafish (13) . The results of histological analyses showed that either testosterone or estradiol was adequate to induce ovarian differentiation with perinucleolar oocytes in the cyp17a1-deficient zebrafish at 35 dpf (Fig. 4A-4F ). The effective sex reversal from male to female of the cyp17a1-deficient zebrafish was also confirmed from anatomical examination of the cyp17a1-deficient zebrafish at 90 dpf, which exhibited ovarian differentiation after testosterone or estradiol treatment (Fig. 4G-4L ). The effective ovarian differentiation caused by the estradiol treatment in the cyp17a1-deficient fish from 18 dpf not only demonstrates that estradiol deficiency is the main cause for the all-male homozygous fish, but also suggests that estradiol is essential in ovarian differentiation during the critical sexual differentiation stage, and not only from the PGC stage (also validated by the result of testosterone treatment, which is the precursor of estradiol). 
Depletion of cyp17a1 caused upregulated gonadotropins and testis factors
The transcription levels of the pituitary glycoprotein hormones, lhb, fshb, and cga, were examined by qPCR. Significantly upregulated lhb, fshb, and cga were observed in the cyp17a1-deficient fish pituitary (P , 0.01) (Fig. 5A-5C ). The protein levels of LHb and FSHb in the pituitary and serum were analyzed using western blot. It was found that the protein levels of LHb and FSHb were significantly increased in the pituitary and serum of the cyp17a1-deficient fish (Fig. 5D-5J ). More importantly, the transcription levels of the downstream genes of FSHb in the testis, insl3, and igf3, which are important in testis spermatogenesis (42, 43) , were significantly upregulated in the cyp17a1-deficient fish testis (Fig. 5K and 5L ).
Upregulated FSHb caused hypertrophic testis and enhanced spermatogenesis in the cyp17a1-deficient fish
Although the GSI in the cyp17a1-deficient fish at 3 mpf was unaffected compared with that in the control males, the GSI in the cyp17a1-deficient fish at 6 mpf was significantly higher than that of the control males (n = 9 for each genotype) (Fig. 6A-6C ). Meanwhile, an abnormal increase in spermatozoa number was observed in cyp17a1-deficient testis at 6 mpf (n = 4) ( Fig. 6D and 6E ). The significant increases in transcription levels of pituitary lhb and fshb, together with the testis igf3 and insl3 seen in 3 mpf cyp17a1-deficient fish, were also observed in cyp17a1-deficient fish at 6 mpf ( Fig. 6F and 6G) . In control males at 3 and 6 mpf, the pituitary gonadotropins were comparable; however, the gonadotropins in the pituitary of the cyp17a1-deficient fish at 6 mpf were significantly higher than those at 3 mpf (Fig. 6F) .
The testis igf3 and insl3 were reported as being the downstream targets of FSHb; therefore, we next examined whether FSHb contributed to the hypertrophic testis and the increased number of spermatozoa in the cyp17a1-deficient fish. A mutant line was obtained with a 10-bp insertion in the first exon of fshb (Fig. 7A) . Additionally, FSHb levels were confirmed to be deficient in the fshb-deficient fish by western blot using pituitary extracts (Fig. 7B) . We subsequently introduced the fshb mutation into the cyp17a1-deficient fish. To generate the dko of fshb and cyp17a1, we incrossed the double heterozygotes (cyp17a1 +/2 /fshb +/2 ) among the F 1 progeny. Among the F 2 population, 9 of 152 of the progeny were dko fish (cyp17a1
/fshb 2/2 ) (5.90%). The results from the anatomical examination demonstrated that the cyp17a1-deficient fish had hypertrophic testis compared with the control males at 6 mpf; however, the hypertrophic testis were effectively reversed in the dko fish (n = 9 for each genotype) (Fig. 7D-7G ). The GSI in the fish from the four genotypes again showed strong statistical support for the hypothesis that FSHb contributes to the testicular development when cyp17a1 is depleted (Fig. 7C) . The increased number of spermatozoa in each spermatogenic cyst, which was observed in the cyp17a1-deficient fish at 6 mpf, was also effectively rescued by fshb depletion, as evidenced by histological analyses of the fish testes from the four genotypes and statistical analysis of the spermatozoa number distribution in each spermatogenic cyst (n = 4 for each genotype) (Fig. 7H-7L ).
Discussion
To elucidate the roles of androgens and estrogens in the development of sexual traits, the phenotypes that were exhibited in cyp17a1-deficient zebrafish, that is, all-male homozygous fish with normal fertility, were analyzed in the current study. Utilizing the cyp17a1 knockout zebrafish as a model, we provided evidence to support the theory that adequate estradiol concentrations are required to maintain ovarian differentiation, whereas spermatogenesis and testicular development are relatively insusceptible to the decreased testosterone concentration in vivo. Utilizing another cyp17a1/fshb dko zebrafish as the model, our present study also provides new insight into the role of FSHb in stimulating male testicular development and spermatogenesis when androgens are inadequate. In mammals, androgens are thought to be necessary for spermatogenesis. CYP17A1 deficiency in humans results in the 46,XY disorders of sex development and delayed sexual maturation (44) (45) (46) . In mice, deletion of cyp17a1 causes infertility and sexual behavior defects owing to the insufficiency of androgen (5). However, depletion of cyp17a1 did not result in spermatogenesis defects in medaka and zebrafish, as observed in mammals with the cyp17a1 gene mutation. This suggests that different requirements of sex steroids signaling involved in gonadal development between mammals and teleosts may exist. Such differences between mammals and teleosts in fertility were also observed from gonadotropins studies, where LHb signaling and FSHb signaling on zebrafish spermatogenesis were highly overlapped in spermatogenesis, with neither lh or fsh knockout affecting male fertility (47, 48) . This is in sharp contrast to observations in mammals, as the loss of either lh or LH receptor (lhr) in male mice (49) (50) (51) and lh, lhr, or fsh in men can lead to infertility (52) (53) (54) .
Another possibility is that the strict specificity between Ar and ligand in teleosts has not been well established in fish. We think that the presence of normally developed testis with mature spermatozoa despite androgen insufficiency may be owing to other compensatory factors, as many studies have demonstrated that zebrafish Ar showed a certain affinity for the nonandrogenic steroid, progesterone, produced in testis, as well as other androgenic steroids, which are also important in testicular development (55) (56) (57) (58) . In fact, significantly increased levels of steroids were observed in our cyp17a1-deficient fish (Fig. 1) . The restoration of BTs induced by the androgen treatment in our previous study indicates that the function of the Ar appears to be normal (6) . The unaffected spermatogenesis, testicular morphology, and GSI seen in the 3 mpf cyp17a1-deficient fish were different from the phenotypes observed in the ar-deficient male fish, which exhibited defective spermatogenesis and structurally disorganized testis with a lack of seminiferous tubules (7, 25) . The different phenotypes of testicular development and spermatogenesis in the cyp17a1-deficient fish and ar-deficient fish might result from the Ar affinity for other potential ligands in teleosts. Thus, it is conceivable that a compensatory mechanism might exist in testis development and spermatogenesis in the case of deficiency in the biosynthesis of androgens. Relative expressions of insl3 and igf3 in the testis of control males and cyp17a1-deficient fish at 3 and 6 mpf. *P , 0.05; **P , 0.01. Con, control; SC, spermatocytes; SG, spermatogonia; SZ, spermatozoa.
Besides, although significantly decreased concentrations of testosterone and 11-ketotestosterone were measured in plasma samples from the cyp17a1-deficient fish (6), the complete loss of testosterone in the cyp17a1-deficient fish could not be concluded based on our measurements. In addition to zebrafish Cyp17a1, inconsistent functional and expression results for Cyp17a2 have been reported previously in several other studies (7, 20, 59) . The compensation of Cyp17a2 for the steroid biosynthesis in the cyp17a1-deficient fish cannot be excluded at present. Therefore, we reason that the different requirements for the androgen signaling in spermatogenesis regulation are probably highly diverged between mammals and fish.
Considering these observations, it is not surprising that the androgen insufficiency induced different phenotypes in mammals and fish.
In previous studies of the cyp19a1a-deficient fish, estradiol treatment from 15 dpf, the stage when gonads are full of PGCs, could effectively rescue the ovarian differentiation (12, 13 ). In the current study, a similar result was achieved with the estradiol treatment in the cyp17a1-deficient fish from 18 dpf, the stage when ovarylike gonads were initiated (Fig. 4) . The effective restoration of ovarian differentiation in the current study from 18 dpf indicates that estradiol is essential in ovarian differentiation during the critical sexual differentiation for each genotype). *P , 0.05; **P , 0.01. Con, control; n.s., not significant; SC, spermatocytes; SG, spermatogonia; SZ, spermatozoa.
stage, not only from the PGC stage. The successful restoration of ovarian differentiation from 18 dpf was also validated by the results of treatment with testosterone, which is the precursor of estradiol, with the conversion catalyzed by the final rate-limiting enzyme, aromatase (13, (18) (19) (20) . This also implies that the function of aromatase in cyp17a1-deficient fish was unaffected.
Hypertrophic testes with a significantly increased number of spermatozoa, along with increased expressions of pituitary gonadotropins, lhb and fshb, and testis factors, insl3 and igf3, were observed in the cyp17a1-deficient fish at 6 mpf (Fig. 5) . The upregulated gonadotropins observed in our cyp17a1-deficient fish were probably because of the absence of an effective negative feedback regulation of estradiol in the cyp17a1-deficient fish for the inhibition of the expression of the gonadotropins in the pituitary, which was also observed and explained in the cyp19a1a-mutant fish (60, 61) . Among these endocrine gonadotropins and paracrine factors, the expression of fshb, which can stimulate the proliferation and differentiation of spermatogonia and their entry into meiosis in the adult zebrafish testis (40, (62) (63) (64) (65) (66) , was evidently higher than that in the control fish (nearly 50-fold higher). Previously, the lhb/fshb dko fish were found to be males with compromised testis and decreased androgen concentrations, indicating that pituitary gonadotropins were involved in testicular development in context with the androgen functions (47) . In the current study, the overproduced FSHb was clearly shown to be a contributor to the hypertrophic testicular development in the 6 mpf cyp17a1-deficient zebrafish, as the additional knockout of fshb in the cyp17a1-deficient zebrafish normalized testis development and spermatozoa number effectively (Fig. 7) .
The knockout of cyp17a1 significantly affected the biosynthesis of sexual steroids. First, these results are evidenced by the measurements of testosterone and 11-ketotestosterone in our previous study (6) , as well as by the estradiol deficiency in the current study (Fig. 1Q) . The treatment of the cyp17a1-deficient zebrafish with testosterone or estradiol could effectively restore the defects of gonadal differentiation, indicating that a typical deficiency of sex steroid biosynthesis in our mutant fish was caused by cyp17a1 depletion (Fig. 4) . Second, the accumulation of plasma progesterone and testis DHP might have resulted from the blocked production of testosterone and estradiol ( Fig. 1R and 1S ). In humans, the effects of 17-hydroxylase/17,20-lyase deficiency (caused by the cyp17a1 mutation) with increased progesterone, which accumulates upstream of the block site, have been extensively discussed (67) . To our knowledge, the cyp17a1-deficient zebrafish generated by us is the first sex steroids-related gene knockout model that has upstream accumulation of the androgen/estrogen precursors in fish. Third, the head kidney development and glucocorticoid synthesis in the cyp17a1-deficient zebrafish were not impaired, as evidenced from the morphologic observation of the head kidney (data not shown) and unaffected cortisol concentration in the plasma (Fig. 1T) . Other than Cyp17a1, Cyp17a2 has also been identified in fish (68) . Apart from its expression in the testis and ovary, cyp17a2 is also expressed in the head kidney, where cortisol is synthesized (68) . The unaffected plasma cortisol concentrations in our cyp17a1-deficient fish might be due to the presence of Cyp17a2, as this has already been found to be responsible for cortisol production in the interrenal cells in fish (68) . To further our understandings of the roles of C18, C19, and C21 steroids in gonadal development and reproduction, it would be useful for future studies to obtain the cyp17a1/ cyp17a2 dko fish.
In summary, the cyp17a1-deficient zebrafish provides a unique model with inadequate testosterone for dissection of the regulatory network on gonadal differentiation and testicular development. Our data demonstrate the critical roles of androgen signaling in male-typical SSCs and mating behaviors, as well as estrogen signaling in ovarian differentiation. The hypertrophic testis had more spermatozoa, caused by the constitutively upregulated pituitary fshb, which was observed in our cyp17a1-deficient phenotypic males at 6 mpf. Taken together with the testis hypoplasia in the fshb-deficient zebrafish (Fig. 7C) , we conclude that FSHb has a positive correlation with testicular development and spermatogenesis after sexual maturity.
